Abstract. A computer model has been used to simulate the discharge kinetics and parametric behaviour of a selfheated copper vapour laser for a wide range of optimum and non-optimum conditions. The results indicate that the ground state copper density and the peak electron temperature are the two most important parameters that affect laser performance. The results also confirm the existence of a threshold wall temperature (or threshold copper density) above which the plasma tube becomes thermally unstable with respect to the deposited electrical power, the wall temperature and the copper density, ultimately leading to thermal runaway. At low pulse repetition frequency (prf<8kHz), the thermal instability restricts the copper density (and laser output power) to values well below optimum.
INTRODUCTION
In the class of high average-power pulsed metal-vapour lasers (eg. Sr-He, 430.5nm & 416.2nm; Ba-Ne, 1.5pm, 2.55pm; Ca-He, 370.6nm & 373.7nm), the copper laser (Cu-Ne. 5 10.6nm & 578.2nm) is probably the most successful and universally recognised source of high-power radiation (typically up to 100W) at kHz repetition frequencies and with good wallplug efficiencies (-1-2%). Topical applications of copper vapour lasers (CVLs) include pumping solid-state media for frequency conversion to the ultraviolet [l] and infrared [2] , laser guidestars [3] , and industrial materials processing [4] [5] . As part of the ongoing development of these devices, numerical modelling has been used to unravel the complex plasma kinetics of the pulsed glow discharge in the Cu-Ne mixture comprising the laser active medium [6] [7] . However, modelling studies of the parametric behaviour of CVLs, including analysis on both optimum and nonoptimum operating conditions, remain scarce in the literature [8] . This is undoubtedly largely due to the substantial computing time required to perform detailed calculations for a wide-range of operating conditions. However, the results from such a study could be used to clarify a number general issues concerning the plasma kinetics and the observed behaviour of CVLs, particularly relating to processes that ultimately limit the laser output power. The aim of the present study is to use an existing computer model [9] to generate a body of results describing the parametric behaviour of a single CVL device, and to compare these results with experimental data [lO] [l I]. The results from such a study indicate that the laser output power is limited by thermal instability of the plasma tube wall temperature, particularly at low pulse repetition frequencies. This instability is caused by positive feedback between the electrical power deposition, the wall temperature, and the copper vapour density.
THE MODEL
The computer model used to generate the results in this paper has been described in detail elsewhere [9] . It is based on a spatially and time dependent rate-equation analysis of the plasma kinetics, including the external circuit, integrated over many excitation/afterglow cycles to yield temporally self-consistent results. A total of 15 atomic and ionic species of copper and neon are considered in addition to two intracavity laser flux intensities, a gas temperature, and around 70 electron collisional, heavy-body and radiative processes. A two-temperature (bi-Maxwefiian) electron energy distribution function is used throughout to calculate the electron collision rates and plasma conductivity. The equations of continuity, energy conservation and momentum conservation are solved simultaneously for the electrons, ions and function of wall temperature for a fixed prf=7.8lkHz compared with experimental data [14] (filled circles). Specific operating conditions are represented by the legend
(1)-(6), OVHT (overheated) and TR (thermal runaway).
neutrals as a function of time and radial position assuming axial homogeneity and radial symmetry for the Cu-Ne "hot zone" (fig 1) . The behaviour of the pure neon plasma in the two "cold-zone" regions extending beyond the thermal insulation layers is modelled in a similar manner. The plasma skin effect relating to the temporal evolution of the electric field across the tube radius is taken into account for the Cu-Ne zone. The temperature of the plasma tube wall Tw (controlling the copper density) is evaluated from the calculated total power deposited in the discharge plasma. The model has also been adapted to include a kinetics scheme for an additional 10 hydrogen species (H,, H, H-, H,(v), H', H' ) to investigate the known performance enhancement of CVLs using H, admixtures [12] . Results from the model have been compared with experimental data from a small bore CVL (see table I ), including spatially and temporally resolved "hook" population measurements. The calculations have been carried out using a CRAY Y-MPIEL and Microvax 3100 using a standard IMSL package [13] to solve the set of first-order coupled differential equations based on the backward differentiation or GEAR method for "stiff' equations. Self-consistent results for around 350 different operating conditions have been generated requiring -2500 CPU hours use on the CRAY. 
RESULTS AND DISCUSSION
The total laser output power (510.6nm + 578.2nm) calculated by the model as a function of the wall temperature Tw for a fixed pulse repetition frequency (prf) is shown in fig 2. In the model as in actual experiments, changes in Tw occur as a result of varying the storage capacitor voltage V, (and thus the deposited power) whilst keeping the capacitance C, and prf constant. Experimental points are plotted for six distinct operating conditions, and are in close agreement with the model data for Tw<1750K. In the region where the output power is falling with increasing wall temperature (Tw >1750K), the plasma tube was observed (experimentally) to exhibit the well known thermal runaway behaviour[l4]. Under these conditions, the laser output slowly diminishes (turning yellow) over a period of a few minutes as the wall temperature steadily climbs by tens of degrees, despite the fact that the charging voltage V, is kept constant. Throughout the remainder of this paper, two distinct operating points are used for this unstable regime as depicted in fig.2 ; to represent a slightly overheated (OVHT) wall temperature (Tw =1781K), and conditions of thermal runaway (TR) (Tw =1875K). The temporal evolution of the axial Cu 'P,,, population density, the upper level for the 510.6 laser transition, is shown in fig.3 and compared with experimental hook measurements for specific operating conditions in fig.1 . Once again the agreement is good for the data sets denoting different operating conditions and wall temperatures, notably for the experimental data and the model results for the.OVHT condition with Tw =I78 1K ( fig.2 ).
Insight into the cause of the observed thermal runaway behaviour of the plasma tube can be gained by calculating the fractional energy deposition in the Cu-Ne zone, based on the initial energy in the storage capacitor ( %c,v,'), as shown in fig.4 . For wall temperatures corresponding to the leading edge of the output power curve in fig.1 (Tw<1740K), this fraction decreases slightly with increasing T, due to an overall fall in the plasma resistance (increased plasma conductivity) as the copper density rises. For a given point on the curve in this region characterised by a fixed input power (or fixed V,), any small perturbation of the copper density in the Cu-Ne zone (caused by a hot-spot on the wall for example) will produce a change in the fractional power deposition. The ensuing change in the wall temperature will occur in the opposite sense, tending to restore the copper density to the original value, thus ensuring thermally stable operation through negative feedback. For higher temperatures beyond the local minimum of the curve (Tw >1740K), the fractional power deposition increases with rising Tw, due to an overall increase of the plasma resistance or lowering of plasma conductivity. Any small perturbation of the copper density (at fixed Vc) will result in an increase in the fractional power deposition and a rise in Tw, leading to a further increase of the copper vapour density establishing a positive feedback mechanism. Under such conditions, the plasma tube will eventually exhibit the well-known thermal runaway behaviour. Experimentally, it is known that in the unstable regime before thermal runaway occurs, the wall temperature becomes very sensitive to small changes in the charging voltage V,. In the model for calculations in the temperature range Tw >1800K, the wall temperature calculated from the deposited power is also extremely sensitive to small increases in V, beyond 9.2kV as shown in fig.4 . Indeed (5), OVHT and TR is the same as with hook measurements [14] . The legend (2)-(5) and OVHT is the same as in fig. 2. for Tw>1850K, the self-consistent results asymptotically converge to a small but consistent pulse-to-pulse increase of the wall temperature (ATw -0.1K-1.OK) at fixed V,. It was not possible to follow the plasma evolution over a large number of cycles (>loo) (to simulate thermal runaway) due to limitations in computing power.
The fractional power deposition in the Cu-Ne zone is directly related to the plasma resistance or the equivalent plasma conductivity o:
where om, is the electron momentum transfer cross-section with the species N,, v, is the electron velocity, and k is the Boltzmann constant. At low T, (<1740K) corresponding to the regime of thermal stability, the conductivity decreases with rising Tw because there is a gradual drop in the peak electron temperature Te and a rise in the pre-pulse electron density. The drop in the peak Tc occurs as a result of the increasing importance of inelastic collisions with copper atoms which have relatively large impact cross-sections compared with the neon buffer gas. At maximum output power (at Tw =1760K), the peak axial T is around 3.3eV, in agreement with semi-empirical calculations reported elsewhere (peak Tc -2.9eV) for a CVL with a similar size bore[l5]. At high Tw (~1740K) in the regime of thermal instability, the plasma conductivity begins to fall again due mainly to the increasing importance of e-Cu momentum transfer collisions, and partly to a drop in the pre-pulse electron density. The fall in output power at high Tw (>1800K) is due to a fall in the electron temperature rather than a build-up of population in the metastable lower levels since the density ratios with respect to the ground state (eg. 2~, , / 2~, , 2 ) decrease with increasing T,. As a further illustration of the influence of the copper atoms on the plasma conductivity, the ratio ome (on axis) is plotted in fig.5 for the seven specific operating conditions defined in fig.2 . At low Tw corresponding to conditions (1)-(4), the curves are practically identical because the momentum transfer collision frequency is dominated by collisions with neon atoms. However, the peak electron temperatures are lower due to e-Cu inelastic collisions as more copper is introduced into the plasma (higher T, ), so the ome values are higher on average. For condition (5) close to maximum output power, ome values are slightly lower, particularly at low Tc. This follows from the e-Cu momentum transfer cross-section which is peaked around E=O.SeV and thereafter falls rapidly (fig 5, inset) whereas the same cross-section for neon climbs more gradually to reach a peak around E=30eV. For conditions (OVHT) and (TR) in the unstable regime (Tw >1740K), o/Nc values are strongly dependent on the copper density at low T, (<2eV), although less so at higher To. Thus, the e-Cu momentum transfer collisions cause a reduction in the overall plasma conductivity giving rise to a larger fractional power deposition ( fig.4) , with the reduction in the peak T, acting as a compounding factor. To delay the onset of thermal instability towards higher wall temperatures and larger copper densities, it is therefore necessary to increase the density of neon atoms andor increase the peak Te to diminish the influence of the e-Cu momentum transfer collisions in determining the o/N, values. A detailed parametric study of the CVL performance has also been carried out with the total output power calculated as a function of both Tw and prf as shown in fig.6 . The results indicate that the maximum attainable output power should be around IOW in the prf range 2-4kHz, diminishing slowly as the prf increases. Furthermore, the optimum wall temperature for maximum output power is lower at higher prfs, consistent with the smaller excitation pulse energies at higher prfs. A "threshold wall temperature can be defined as that corresponding to the lowest point of the curve in fig.4 marking the transition between thermally stable and unstable modes of operation. As shown in fig.6 , this threshold temperature exhibits a relatively weak dependence on the prf over the range 2-20kHz, in the range 1725K-1775K. Consequently, the copper density at the tube wall will be limited to a similarly narrow range (9x10~"-1.6xl0~'m~~). These results suggest that CVL operation for wall temperatures above the threshold, would not be possible in reality owing to thermal instability of the plasma tube, leading to thermal runaway. The calculated maximum output powers for CVL operation within the stable regime are shown in fig.7a together with those at low prf (2-8kHz) that fall in within the unstable regime. Experimentally, laser output powers are found to optimise around 6W for prfs 5-8kHz ( fig.7a ), in agreement with the calculated values for operation within the stable regime. These results are consistent with the hypothesis that the laser output powers for prf<8kHz are indeed limited by thermal instability which sets an operating limit on the wall temperature and copper density.
Another important result is that the calculated peak electron temperature, at the radial position giving maximum laser pulse energy, is almost constant ( T =2.9-3.leV) at high prf (>8kHz) as shown in fig.7b . For prf<8kHz, the peak T rises linearly to 5eV with decreasing prf when in the stable regime, but would remain around 3eV if it were possible to operate in the unstable regime at the maximum power level. The model results suggest that fundamentally, there is an optimum peak electron temperature around 3eV for maximising the laser output power. In the absence of thermal instability effects, maximum output power is achieved by matching the copper density to the available excitation pulse energy to maintain the peak T, at -3eV. Additional calculations have also been performed using smaller values of circuit capacitance (311 nF) as usually employed experimentally to enhance laser output powers at high prfs (fig 7) . Although the output powers at high prf are nearly doubled, the peak T remains at the optimum around 3eV.
Changes in the predicted laser output power for slightly different operating conditions than were standard (40mb, C,/C2=6/2nF) have been calculated for a prf of 4kHz ( fig.8 ) to investigate the influence on the threshold wall temperature which limits the attainable copper density at this prf. There appears to be little difference in the output power for gas pressures in the range 30-80mb, although operation at 80mb enables the threshold wall temperature to rise by 20K (a 20% increase in copper density) before instability sets in. It is interesting to note that the overall laser output power is slightly higher at 80mb than at 40mb (+0.4W) because the small drop in output power at fixed T, is more than offset by the increased threshold wall temperature. By using smaller capacitance values (C,lC2=3IlnF) and higher charging voltages (V,), the output power at fixed T, is significantly increased, and the threshold temperature also rises by 13K (a 12% increase in copper density). Such changes are consistent with an increase in the peak T resulting from the higher charge voltages V, (and subsequently the applied tube voltage V,). The addition of a 2% admixture of hydrogen to the buffer gas also increases the laser output power and threshold wall temperature (+7K) at 4kHz compared with the standard case. In this case, the hydrogen improves the interpulse plasma relaxation rate giving rise to a higher tube voltage V, (and peak Tc). for the prfs investigated (2-20kHz). It is interesting to note that direct measurements of the copper density at the wall in elemental CVLs fro,m different laboratories 115-181 do not exceed these limits, in the majority of cases, as shown in fig.9 . This is despite the fact that the devices differ greatly in the bore size, in their electrical power loading and in the design of the thermal insulation. (In reality, each CVL device will have its own characteristic range of threshold wall temperatures marking stable/unstable operation depending on the specific operating parameters of the laser). One exception is the CVL of Isaev[l5] where a relatively high copper density (Cu,,, =20xlO~~rn") was reported. The stable operation of the laser at this high copper density is undoubtedly related to the very high neon gas pressure employed (300mb) in their device which would delay the onset of thermal runaway until higher wall temperatures are reached (see fig 8) . -A self-consistent model has been used to map the parametric behaviour of an elemental copper vapour laser for optimum and non-optimum operating conditions. The results show that the two most important plasma parameters affecting laser performance are the ground state copper density, and the peak electron temperature. Fundamentally, there appears to be an optimum peak electron temperature of -3eV at any given point in the plasma for maximising the laser power. The results also confirm the existence of a threshold wall temperature (and copper density) above which the plasma tube exhibits a thermal runaway behaviour due to a positive feedback mechanism between the deposited electrical power, the wall temperature and the copper density. This phenomenon occurs when the copper atom density is high enough to directly influence the plasma conductivity through e-Cu momentum transfer collisions. The threshold wall temperature falls within a narrow range 1725K<Tw <1775K for the prf range 2-20kHz, corresponding to a copper density of 9x102~'-1.6x102~m -' . At low prf values (<8kHz), thermal runaway limits the attainable copper density (and laser output power) to values below optimum with respect to the peak electron temperature. It is shown that the threshold wall temperature can be increased allowing operation at elevated copper densities (leading to increased laser output power) by increasing the neon buffer gas density and/or by increasing the peak Tc through the use of hydrogen admixtures and low circuit capacitancedhigh charge voltages. 
